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FPRNeutrophils form the ﬁrst line of defense of the innate immune system and are rapidly recruited by chemotactic
signals to sites of inﬂammation. Understanding the mechanisms of neutrophil chemotaxis is therefore of great
interest for the potential development of new immunoregulatory therapies. It has been shown that members
of the transient receptor potential (TRP) family of cation channels are involved in both cell migration and chemo-
taxis. In this study, we demonstrate that TRPC1 channels play an important role in fMLP mediated chemotaxis
andmigration of murine neutrophils. The knock-out of TRPC1 channels leads to an impaired migration, transmi-
gration and chemotaxis of the neutrophils. In contrast, Ca2+ inﬂux but not store release after activation of the
TRPC1−/− neutrophils with fMLP is strongly enhanced. We show that the enhanced Ca2+ inﬂux in the
TRPC1−/− neutrophils is associated with a steepened front to rear gradient of the intracellular Ca2+ concentra-
tion with higher levels at the cell rear. Taken together, this paper highlights a distinct role of TRPC1 in neutrophil
migration and chemotaxis. We propose that TRPC1 controls the activity of further Ca2+ inﬂux channels and thus
regulates the maintenance of intracellular Ca2+ gradients which are critical for cell migration. This article is part
of a Special Issue entitled: 13th European Symposium on Calcium.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Neutrophils form the ﬁrst line of defense of the innate immune sys-
tem and are rapidly recruited by chemotactic signals to sites of inﬂam-
mation (for review see [15]). One elementary requirement of this
recruitment process is the ability of the neutrophils to migrate. After
the initial adhesion neutrophils quickly start to migrate intravascularly
on the endothelial cells in order to ﬁnd a gap to cross the endothelial
barrier [17,25]. Neutrophils then follow chemoattractant gradients to
reach the site of inﬂammation. Migrating cells maintain a polarized
morphology with membrane protrusions (lamellipodia) at the cell
front and retraction of the trailing end [31,40]. This amoeboid-type of
migration is a Ca2+ dependent process [16,22,29]. In migrating cells a
front to rear gradient of cytosolic Ca2+with an increasing concentration
at the rear end has been described [2]. The increased cytosolic Ca2+thionine-leucine-phenylalanine;
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ann).concentration [Ca2+]i at the rear end is related among others to myosin
II contraction and calpainmediated release of focal adhesions leading to
the retraction of the uropod [9,27,38]. In addition to the global front-
rear gradient of the [Ca2+]i transient Ca2+ ﬂickers were observed at
the front of migrating cells [39,41]. During chemotaxis this fast rise of
[Ca2+]i is induced by activation of G-protein coupled chemoattractant
receptors facilitating polarization and directedmigration [26,29]. Usual-
ly, the initial increase of [Ca2+]i is induced by phospholipase C (PLC)
mediated production of inositol 1,4,5-trisphosphate (IP3) and diacyl-
glycerol (DAG). IP3 triggers store operated Ca2+ entry (SOCE) by activa-
tion of STIM1 and Orai proteins (for review see [36]). DAG mediates
receptor operated Ca2+ entry (ROCE) by direct activation of PKC iso-
forms or DAG sensitive ion channels such as members of the transient
receptor potential (TRP) channel family [7,19].
Several members of the classical TRPC channel family are attractive
candidates for being involved in receptor-operated Ca2+ entry required
for neutrophil migration and chemotaxis. So far, two members of this
family – TRPC1 and TRPC6 – have been related to chemotaxis [1,6,10,
11,18]. TRPC6 regulates speciﬁcally CXC chemokinemediatedmigration
of neutrophils [6,18], while it is not yet unequivocally known whether
TRPC1 is involved in neutrophilmigration or chemotaxis. However, dur-
ing allergen induced pulmonary inﬁltration, a reduced number of inﬁl-
trated eosinophils and neutrophils in TRPC1−/− mice have been
observed in lung tissue which would be consistent with a role of
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channels can be required for chemotaxis has been shown in multiple
other cell types [1,10,11].
The aim of this study was to elucidate the role TRPC1 channels in
chemoattractant receptor mediated migration of neutrophils. Using
wild-type (WT) and TRPC1 deﬁcient (TRPC1−/−) neutrophils [20] we
revealed that TRPC1 is an important regulator of neutrophil migration
and chemotaxis. Surprisingly, the migratory defect in the TRPC1−/−
neutrophils was associated with a rise in chemoattractant-induced
Ca2+ inﬂux. Furthermore, the loss of TRPC1 elicits a steepened front to
rear gradient of the [Ca2+]i with a higher concentration at the uropod.
Our data indicate that TRPC1 channels are important regulators of
chemoattractant receptor mediated Ca2+ signaling which adjust the
front to rear Ca2+ gradient in migrating neutrophils.2. Material and methods
2.1. Animals
Neutrophils isolated from 8–10 weeks old male/female 129Sv/
C57BL/6J WT and TRPC1−/− [20] mice were used for all experiments.
Only cells from 129Sv/C57BL/6J littermates were analyzed. Experimen-
tal protocols were approved by the local committee for animal care.2.2. Reagents
Fibronectin, Laminin, fMLP, Histopaque 1077, Histopaque 1119 and
RPMI 1640 were purchased from Sigma-Aldrich (Steinheim, Germany)
andHank's balanced salt solution (HBSS), Dulbeco'sModiﬁed EagleMe-
dium (DMEM) as well as PBS were purchased from (PAA, Freiburg,
Germany). Fetal calf serum and Fura-2 AM were obtained from
Invitrogen (Darmstadt, Germany). The mouse anti-FPR1 antibody was
purchased from Abcam (Cambridge, UK) and the anti-β-actin antibody
from Sigma-Aldrich.2.3. Cell culture
Murine myelocytic leukemia (WEHI-3B) cells were cultivated in
bicarbonate-buffered DMEM containing 4 mM L-glutamine, 10% fetal
calf serum 100 U/ml penicillin and 100 μg/ml streptomycin (Biochrom,
Berlin, Germany) in a 37 °C humidiﬁed atmosphere of 5% CO2. Being a
source of different cytokines WEHI-3B-conditioned medium is used to
differentiate bone marrow neutrophils. WEHI-3B-conditioned medium
was collected 4 days after the cells had reached conﬂuence. Aliquots
were frozen and stored for later use.
Murine bEnd5 endothelial cells were cultivated in bicarbonate-
buffered DMEM containing 4 mM L-glutamine, 10% fetal calf serum, 1%
non-essential amino acids 100x (Gibco, Darmstadt, Germany), 1% sodi-
um pyruvate (PAA, Freiburg, Germany), 0.1% β-mercaptoethanol
(Gibco, Darmstadt, Germany), 100 U/ml penicillin and 100 μg/ml strep-
tomycin (Biochrom, Berlin, Germany) in a 37 °C humidiﬁed atmosphere
of 10% CO2.2.4. Isolation of murine neutrophils
Bone marrow neutrophils were isolated from 8–10 weeks old
TRPC1−/− mice and the respective WT littermates as described before
[18]. Freshly isolated neutrophils were cultivated in suspension for
16 h in RPMI 1640 medium supplemented with 10% WEHI-3B-
conditioned medium, 10% heat-inactivated fetal calf serum, 100 U/ml
penicillin and100 μg/ml streptomycin in a 37 °Chumidiﬁed atmosphere
of 5% CO2.2.5. Quantitative RT-PCR analysis (qRT-PCR)
Total RNA was extracted from neutrophils differentiated during
overnight cultures using TRI-reagent (Gibco, Darmstadt, Germany)
and treated with DNase (Ambion, Darmstadt, Germany) at 25 °C for
30 min. 2 μg of total RNA was reversed transcribed into cDNA using
random hexamer primers (Roche, Penzberg, Germany) and MuLV re-
verse transcriptase (Roche, Penzberg, Germany). 10 pM of each
primer pair and 0.2 μl of the ﬁrst-strand synthesis were mixed with
2xSsoFastTMEvaGreen®Supermix (Bio-Rad, Munich, Germany) and
qRT-PCR was carried out in a real-time thermal cycler Cfx C1000 (Bio-
Rad, Munich, Germany) using the following conditions: Initial denatur-
ation step 95 °C for 30 s, followed by 41 cycles of 95 °C for 5 s and 60 °C
for 30 s. Fluorescence intensity was measured after the extension step
of each cycle. Primer pairs used for the ampliﬁcation of speciﬁc frag-
ments from the ﬁrst-strand synthesis are listed in Table 1. Primers for
hypoxanthin phosphoribosyltransferase 1 (Hprt) and β-2 microglobu-
lin (β2M) were used as endogenous controls. To quantify the results
we used the comparative threshold cycle method 2−ΔΔCT [21]. All ex-
periments were performed in triplets and repeated three times.
2.6. Western blotting
Neutrophils were seeded in ﬁbronectin-coated (1 μg/cm2) cell cul-
ture dishes and stimulated for 1 min with 1 μM fMLP. Afterwards cells
were lysed with RIPA lysis buffer containing: 25 mM Tris–HCl pH7.6,
150 mM NaCl, 1% Nonident-P40, 0.1% SDS, 0.5% sodium deoxycholate
and protease inhibitor (Complete Mini, Roche, Mannheim, Germany).
The protein concentration of the lysateswas determinedwith the Pierce
BCA Protein Assay Kit (Thermo Scientiﬁc, Rockford, USA). Equal
amounts of proteins were transferred on nitrocellulose membranes
(PROTRAN, Schleichert Schuell, Dassel, Germany). After blockingunspe-
ciﬁc binding sites (5% fat free milk and 0.5% Tween in PBS) proteins of
interest were detected overnight using anti-FPR1 antibody (1:300) in
the described blocking solution. After washing 3 times for 10 min
(PBS, 0.5% Tween) blots were incubated for 1 h with a peroxidase-
conjugated secondary antibody with subsequent washing 3 × 10 min
with PBS/0.5% Tween. Blotswere developed using a chemiluminescence
kit (SuperSignal® West Femto, Pierce Biotechnology, Rockford, USA).
Autoluminographywas carried out with ChemiDoc XRS gel documenta-
tion system and Quantity One analysis software (Bio-Rad Laboratories,
Hercules, USA). To control the loading of equal amounts of proteins,
membranes were stripped after primary detection and subsequently
probed with a monoclonal anti-β-actin (1:10,000) antibody. Western
blots were repeated with cell lysates from three mice and were ana-
lyzed densitometrically. The protein band intensity was corrected by
the band intensity of β-actin.
2.7. Trans-endothelial migration (TEM)
bEnd5 endothelial cells were seeded in 24well plates on laminin-
coated cell culture inserts with 8 μm pores (Greiner bio-one,
Frickenhausen, Germany) so that they reached conﬂuence after
3 days. Preceding the experiment, endothelial cells were incubated
over night with 5 nM TNF-α (Peprotech, Hamburg, Germany).
Transendothelial migration was performed with 105 neutrophils
from overnight cultures and initiated with 100 nM fMLP in the
lower well. After 1 h transmigrated neutrophils were counted in a
CASY© cell counter (OLS, Bremen, Germany).
2.8. Endothelial crawling and adhesion of neutrophils
bEnd5 endothelial cells were seeded in μ-slide I chambers (Ibidi,
Martinsried, Germany) so that they reached conﬂuence after 3 days.
Preceding the experiment, endothelial cells were incubated over night
with 5 nM TNF-α. Neutrophils from overnight cultures were seeded
Table 1
List of primers used for qPCR.
Name Forward (5′-…-3′) Reverse (5′-…-3′) Size
TRPC1 GCAACCTTTGCCCTCAAAGTG GGAGGAACATTCCCAGAAATTTCC 234 bp
Accession: XM_006511053 [20]
TRPC2 ACTTCACTACATATGATCTGGGTCAC CACGTCCAGGAAGTTCCAC 111 bp
Accession: NM_001109897 [37]
TRPC3 AGCCGAGCCCCTGGAAAGACAC CCGATGGCGAGGAATGGAAGAC 218 bp
Accession: NM_019510 [42]
TRPC4 GGGCGGCGTGCTGCTGAT CCGCGTTGGCTGACTGTATTGTAG 225 bp
Accession: NM_016984 [42]
TRPC5 GCTGAAGGTGGCAATCAAAT AAGCCATCGTACCACAAGGT 90 bp
Accession: AF029983 [37]
TRPC6 GACCGTTCATGAAGTTTGTAGCAC AGTATTCTTTGGGGCCTTGAGTCC 251 bp
Accession: NM_013838 [42]
TRPC7 CCCAAACAGATCTTCAGAGTGA TGCATTCGGACCAGATCAT 84 bp
Accession: NM_012035 [37]
Hprt TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC 90 bp
Accession: NM_013556
Β2M GCTATCCAGAAAACCCCTCAA CATGTCTCGATCCCAGTAGACGGT 299 bp
Accession: NM_009735
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solution (122.5 mM NaCl, 5.4 mM KCl, 1.2 mM CaCl2, 0.8 mM MgCl2,
5.5 mM D-glucose, and 10.0 mM HEPES [pH 7.4]) containing 10nM
fMLP. During the experiments a constant shear stress of ~ 2 dyn/cm2
was applied. Experiments were carried out at room temperature and
images were acquired in 5 s intervals for 10 min. Camera and image ac-
quisition were controlled by Metaﬂour software (Visitron Systems,
Puchheim, Germany). For quantifying neutrophil movement cell cen-
ters were tracked throughout the whole image stack by employing
AMIRA software (Template Graphics Software, Mercury Communica-
tion Systems, Carlsbad, CA). The tracking allowed the calculation of pa-
rameters such as migratory velocity (μm/min) and translocation (μm)
by using self-made Java programs and the National Institutes of Health
ImageJ software (http://imagej.nih.gov/ij/) [34]. Migration was deﬁned
as themovement of the cell center per time unit, the velocity was calcu-
lated by applying a three point difference quotient. Translocation was
determined as the distance between the cells' positions at the start
and the end of the experiment.
For neutrophil adhesion on bEnd5 cells, these endothelial cells were
seeded in ibidi μ-slide I chambers and stimulated over night with 5 nM
TNF-α as described above. During the experiment 5 × 106 neutrophils
from overnight cultures were ﬂushed with 10 nM fMLP containing
Ringer's solution (see above) into the chamber with a constant shear
stress of ~ 2 dyn/cm2. The time span until reaching deﬁnite adhesion
was evaluated for individual cells. After 5 min the number of adherent
cells was analyzed. It is presented as a mean value of three adjacent vi-
sual ﬁelds.
2.9. 3D chemotaxis assays
Chemotaxis assays were performed as previously described [18]. A
chemoattractant gradient was established by using 1 μM fMLP plus
100 μg/ml patentblue. Images were acquired (5 s intervals for 30 min
at 37 °C) using video cameras (Models XC-ST70CE and XC-77CE,
Hamamatsu/Sony, Japan) and PC-vision frame grabber boards (Hama-
matsu, Herrsching, Germany). Velocity and translocation were deﬁned
as described above. The chemotaxis index was determined as the quo-
tient of the translocation into the direction of the chemoattractant gradi-
ent and the total distance covered during the course of the experiment.
2.10. Intracellular calcium measurements
Measurement of intracellular Ca2+ of neutrophils was performed as
described before [18]. During the recordings a control period withRinger's solution was followed by stimulation with 1 μM fMLP. At the
end of each experiment themeasurements were calibrated by applying
1 μM ionomycin (MP Biomedicals, Solon, USA) containing Ringer's solu-
tion with 5 mM EGTA or 5 mM Ca2+. The cytosolic Ca2+ concentration
[Ca2+]i was calculated as described before [8] and area under the
curve was calculated as integral for the time period after application of
the chemoattractant.
The manganese quenching method was used as described before to
obtain an indirect measure of fMLP-induced Ca2+ inﬂux [18]. Manga-
nese enters the cell via Ca2+ channels, binds with a higher afﬁnity to
Fura-2 and thereby eliminates the Ca2+ ﬂuorescence [23]. Thus, the de-
crease of ﬂuorescence intensity can be taken as an indirect measure of
Ca2+ inﬂux. During the experiments a control period was followed by
stimulation with 1 μM fMLP. Regression analysis of ﬂuorescence inten-
sities over timewas performed to determine the change in ﬂuorescence
quenching Δ m (%/t) for a 60 s time period 30 s before and 30 s after
fMLP stimulation.2.11. Ca2+ data processing
In order to improve the detection of the cytosolic Ca2+ gradients
within migrating neutrophils, binning was reduced to 1 pixel and time
resolution during the measurement was increased to 2 s intervals. For
image stack processing ImageJ software (http:// http://imagej.nih.gov/ij/)
was used in the following steps. High frequency image noise was reduced
with a Gaussian blur (2 pix ~ 0.54 μm). Background subtraction was
effected using a Rolling-Ball algorithm. Next, the quotient of the twowave-
lengths 340 and 380 nm was calculated, while a threshold function was
used for clean segmentation of the cells. Finally, the Ca2+ concentration
was calculated pixel by pixel with individual calibrations for every cell. A
quantiﬁcation of [Ca2+]i gradients resulted from linear regression of line
scan analyses (of a width of 5 pix ~ 1.35 μm) along the longitudinal axis
of migrating neutrophils.2.12. Statistical analysis
All experiments were repeated at least three times. Values are re-
ported asmean values ± SEM. All data were tested for normality before
performing any statistical analysis. For normally distributed data the
Student's t test was used, otherwise the Kruskal–Wallace or Mann–
Whitney U test was used for statistical analyses. Differences between
experimental groups reaching p ≤ 0.05 were considered as signiﬁcant.
Fig. 1. TRPC1 channels are involved in endothelial migration and transmigration of neutrophils. (Ai) Trajectories of WT and TRPC1−/− neutrophils migrating on endothelial cells in the
direction of ﬂow (shear rate ~ 2 dyn/cm2); n = 50 cells from ﬁve independent experiments, t = 10min.). Corresponding velocity (Aii) and translocation (Aiii) of WT and TRPC1−/− neu-
trophils on endothelial cells under ﬂow conditions (n=50 cells from ﬁve independent experiments, t= 10min). (Bi) AdherentWT and TRPC1−/− neutrophils on endothelial cells (mean
cell count from ≥ 4 independent experiments, t = 5 min) (Bii) Time span till adhesion of WT and TRPC1−/− neutrophils to endothelial cells (n ≥ 71 from ≥ 4 independent experiments).
(C) Transendothelial migration of neutrophils under control conditions and following chemotactic stimulation (fMLP) (n= 3 from three independent experiments and animals). Values
are reported as mean values + SEM. *p b 0.05.
Fig. 2. fMLP induced chemotaxis depends on TRPC1 channels. (A) Trajectories of WT and TRPC1−/− neutrophils chemotaxing towards fMLP (representative trajectories of n = 23 cells from
three independent experiments, t = 30min). Velocity (B), translocation (C), and chemotaxis index (D) ofWT and TRPC1−/− neutrophils during chemotaxis towards fMLP (n= 23 cells each
from at least three independent experiments). Values are reported as mean values + SEM. *p b 0.05. CI = chemotaxis index.
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Fig. 3. Loss of TRPC1 enhances fMLP-induced Ca2+ inﬂux. Mean [Ca2+]i response ofWT and TRPC1−/− neutrophils after chemokinetic stimulation with fMLP in the presence (Ai) and ab-
sence (Bi) of extracellular Ca2+. The corresponding integrals of the [Ca2+]i are depicted in (Aii) and (Bii). (Ci–Cii)Manganese quench experimentswithmean Fura-2ﬂuorescence intensity F
when excited at its isobesticwavelength of 365 nm. F is normalized to themean value of allmeasurement points. The light-gray area of the curveswasnot considered for the analysis of the
slopes. The corresponding mean change of the slope Δm (m2−m1) is shown in (Ciii). n ≥ 74 cells from at least ﬁve independent experiments for each condition. Values of graphs are
represented as mean values and values of integrals and Δm are reported as mean values + SEM.*p b 0.05.
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3.1. Migration and transendothelial recruitment is decreased in
TRPC1−/− neutrophils
In theﬁrst set of experimentswe investigated the role of TRPC1 chan-
nels in neutrophils for intravascular crawling on endothelial cells under
ﬂow conditions and chemokinetic stimulation with 10 nM fMLP. To this
endweused ibidi μ-slide I chambers and exposed neutrophils duringmi-
gration on endothelial cells to a shear stress of ~2 dyn/cm2. The migra-
tion of the TRPC1−/− neutrophils was strongly decreased under these
conditions (see Fig. 1 Ai–Aiii). Velocity was 30% lower than that of WT
cells (4.2 ± 0.20 μm/min versus 6.0 ± 0.20 μm/min). The translocation
was even 40% lower in TRPC1−/− neutrophils (14.6 ± 0.9 versus
24.5 ± 1.5 μm).
Neutrophil adhesion on endothelial cells was analyzed in the same
ﬂow chamber setup as described above and a constant number of
suspended neutrophils was ﬂushed over the endothelial cells with a
shear stress of ~2 dyn/cm2. Neutrophil adhesion was not altered in
TRPC1−/− cells (See Fig. 1 Bi–Bii). After 5min. 13.0±5.7WTneutrophils
and 14.0 ± 4.6 TRPC1−/− cells attached to the endothelial layer. While
WT neutrophils adhered to the endothelium after 74 ± 21 s, TRPC1−/−
cells did so after 91 ± 14 s.The impact of the TRPC1 knock-out on transendothelial migration
was investigated in TEM assays. In the absence of a chemotactic stimu-
lus TRPC1 deﬁcient and WT neutrophils behaved alike (see Fig. 1 C). In
the presence of an fMLP gradient the number of transmigratedWT neu-
trophils increased by 154% from 1.84 x 104/ml to 4.67 x 104/ml. In con-
trast, the number of transmigrated TRPC1−/− neutrophils increased
only by 59% from 2.06 x 104/ml to 3.27 x 104/ml.3.2. Chemotaxis depends on TRPC1 channels
During the neutrophil recruitment cascade, intravascular crawling
and transmigration is followed by chemotactic migration through the
extracellularmatrix. In the next step, we therefore analyzed the chemo-
tactic migration in a 3D collagen Imatrix. Chemotaxis of TRPC1−/− neu-
trophils towards fMLPwas decreased (see Fig. 2 A). Velocitywas slightly
reduced in TRPC1−/− neutrophils by 8% from 11.90 (±0.36) μm/min in
WT cells to 10.90 (±0.28) μm/min in TRPC1−/− cells. In contrast, trans-
locationwas diminishedmore strongly by 28% from 157.0 (±10.30) μm
in WT cells to 113.0 (±9.90) μm in TRPC1−/− neutrophils. Moreover,
the chemotaxis index, which describes the efﬁciency of the directedmi-
gration, was reduced by 29% (0.38 ± 0.04 in WT and 0.27 ± 0.03 in
TRPC1−/− neutrophils) (see Fig 2 B–D). Thus, the loss of TRPC1 strongly
Fig. 4. Expression of TRPC3 and TRPC4 is enhanced in TRPC1−/− neutrophils.
(A) Quantitative RT PCR expression levels of TRPC1, TRPC2, TRPC3, TRPC4, TRPC5 and
TRPC6 in WT and TRPC1−/− neutrophils relative to β2 microglobulin (n = 3 from three
independent experiments and animals). (Bi) Western blot analysis of FPR1 expression
after fMLP stimulation of neutrophils. (Bii) For densitometric quantiﬁcation equal loading
was normalized to expression of β-actin (n= 3 from three independent experiments and
animals). Values are reported as mean values + SEM.
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ity was inﬂuenced only minimally.
3.3. Loss of TRPC1 channels enhances fMLP-induced rise of [Ca2+]i
Next,wewanted todetermine the involvement of TRPC1 channels in
fMLP-induced intracellular Ca2+ signaling. To this end, we measured
the [Ca2+]i during stimulation of the neutrophils with fMLP. These ex-
periments are illustrated in Fig. 3. The left panel depicts the mean
[Ca2+]i over time, while the right panel displays the respective integrals
(area under the curve, Fig. 3 A–B) calculated for the time period follow-
ing the application of 1 μM fMLP. The addition of fMLP caused an in-
crease of cytosolic Ca2+ in both cell types with an initial fast rise, a
more slowly evolving second maximum peak and a much slower de-
crease to baseline (see Fig 3 Ai–Aii). Quite surprisingly, the fMLP-
induced second increase of cytosolic Ca2+ was much higher in
TRPC1−/− neutrophils than in WT cells.
In the following set of experiments, wewanted to determinewheth-
er the more pronounced fMLP-induced rise of the [Ca2+]i in TRPC1−/−
neutrophils is due to increased store release or inﬂux from the extracel-
lular space. By omitting Ca2+ in the extracellular medium it is possible
to analyze exclusively the mobilization of Ca2+ from internal stores. In
the absence of extracellular Ca2+, fMLP elicited only a small increase
of the [Ca2+]i (see Fig. 3 B). Notably, stimulation with fMLP caused a
similar rise of the [Ca2+]i in both cell types. Thus, the fMLP-induced de-
pletion of intracellular Ca2+ stores was not altered by the loss of TRPC1
channels.
The Mn2+ quench technique enables the analysis of the Ca2+ inﬂux
over the cell membrane. The quenching of the Ca2+ bound Fura-2 ﬂuo-
rescence by Mn2+ is an indirect measure for the Ca2+ inﬂux. Fig. 3Ci–
3Cii depict the percentage decrease of the Fura-2 ﬂuorescence intensity
after fMLP stimulation, and Fig. 3Ciii describes the change of slope Δm
(m2−m1) before (m1) and after application of 1 μM fMLP (m2). fMLP
elicited a higher quenching rate of the fura-2 ﬂuorescence in
TRPC1−/− as compared to WT neutrophils. These results clearly show
that the defect in fMLP mediated migration and chemotaxis of the
TRPC1−/− neutrophils was accompanied by an increased and prolonged
Ca2+ inﬂux.
3.4. Loss of TRPC1 increases expression of other TRPC channels
In order to determine the expression proﬁle of TRPC channel family
members in murine neutrophils, we performed a series of quantitative
RT-PCRs (see Fig. 4 A). The mRNA expression of TRPC1, TRPC2, TRPC3,
TRPC4, TRPC6 and TRPC7 was normalized to the expression of the
β2M gene and Hprt gene (not shown). Starting from a very low level
there was a small increase in TRPC3 and TRPC4 mRNA expression and
a slight increase in TRPC2 RNA expression in the TRPC1−/− neutrophils.
Protein expression of formyl peptide receptor 1 (FPR1)was analyzed
by Western Blot (see Fig. 4 Bi–Bii). No difference in FPR1 expression
could be detected when comparing WT with TRPC1−/− neutrophils.
3.5. TRPC1 regulates maintenance of Ca2+ gradients which are essential for
cell migration
In the last set of experiments we wanted to clarify, whether the in-
creased rise of [Ca2+]i in the TRPC1−/− neutrophils inﬂuenced the cyto-
solic distribution of Ca2+ duringmigration. Image processing enabledus
to depict the gradients of [Ca2+]i more clearly (see Fig. 5). During fMLP
stimulatedmigration the neutrophils exhibited front to rear gradients of
[Ca2+]i. While the [Ca2+]i at the cell front was increased in the
TRPC1−/− cells (Fig. 5 Bi), the overall gradients of [Ca2+]i were steeper
in the TRPC1−/− cells in comparison to the WT cells (Fig. 5 Bii). Thus,
the increased Ca2+ inﬂux after fMLP stimulation in the TRPC1−/− neu-
trophils was linked to a steeper front to rear gradient of [Ca2+]i leading
to a defect in directed migration.4. Discussion
More than 20 years ago Brundage et al. found a front to rear gradient
of cytosolic Ca2+ in chemotactic cells with an increasing concentration
towards the rear [2,3]. In addition to these long range cytosolic Ca2+
gradients, spatially and temporally strictly conﬁned Ca2+ ﬂickers have
been observed at the front of migrating cells [14,41]. Especially during
chemotaxis, these Ca2+ ﬂickers at the cell front could result from the ac-
tivation of G-protein coupled chemoattractant receptors. The central
question addressed in this study is whether TRPC1 channels, which
have been shown to be involved in directed migration and chemotaxis
of transformed canine kidney cells [10,11] and glioma cells [1], contrib-
ute to fMLP mediated intravasal migration and chemotaxis of murine
neutrophils.
We could show that TRPC1 channels are important regulatory com-
ponents of fMLP-driven migration and chemotaxis in neutrophils. This
is illustrated by the decreased migration on endothelial cells and endo-
thelial transmigration of the TRPC1−/− neutrophils. Nevertheless, adhe-
sion of fMLP-stimulated neutrophils to endothelial cells was not
affected by the loss of TRPC1. In this context it is noteworthy that thede-
fect of themigratory behavior was more pronounced when neutrophils
were migrating on endothelial cells (even under static conditions) than
in a collagen I matrix. While the migratory speed in a collagen I gel dif-
fered only minimally (−8%), TRPC1−/− neutrophils migrated much
more slowly on endothelial cells than WT neutrophils (−34%). So far,
we can only speculate whether this differential behavior can be linked
to different integrins employed on endothelial cells (β2) or on collagen
I (β1). Moreover, chemotaxis of the TRPC1 deﬁcient neutrophils to-
wards fMLP was impaired. Thus, the loss of TRPC1 causes a migratory
and chemotactic defect in neutrophils after activation of the fMLP recep-
tor. The physiological relevance of thismigratory and chemotaxis defect
is supported by an allergen-induced pulmonary inﬂammation model
Fig. 5. Steepened Ca2+ gradients in TRPC1−/− neutrophils. (Ai) Representative ratiometric pseudocolor images of Fura-2 loadedWT and TRPC1−/− neutrophils after image processing and
corresponding linescan analyses of [Ca2+]i gradients with linear regression (Aii). (Bi) Rear–front difference of [Ca2+]i as a function of [Ca2+]i at the cell front of migrating neutrophils. Each
dot represents a measurement point of a single cell. Depending on the duration of the experiment up to 34 data point are included from one cell. (n ≥ 8 cells each from at least 3 indepen-
dent experiments and animals). Graph contains the following descriptive statistics: weighted median (ﬁlled square), weighted 75% quartile (positive outlier) and weighted 25% quartile
(negative outlier). (Bii) Summary of the linear regression analyses of [Ca2+]i gradients from linescans of migrating WT and TRPC1−/− neutrophils. The relative gradient of [Ca2+]i is nor-
malized to [Ca2+]i at the cell front (n ≥ 7 cells each from at least 3 independent experiments and animals). Boxplots contain the following descriptive statistics: median (horizontal line),
mean (ﬁlled square), interquartile range (box), and whiskers (outlier). *p b 0.05.
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TRPC1 deﬁcient mice [43].
Neutrophil activation is stronglymediated by formyl peptideswhich
are released during the degradation of bacterial cells or mitochondria of
host cells. Formyl peptides are described as end-target chemottractants
leading the neutrophils directly to the site of inﬂammation toﬁght path-
ogens [13]. In this context it has been shown that formyl peptides are hi-
erarchically more relevant for neutrophil activation than host derived
intermediary chemoattractants [12,13]. This underlines the physiologi-
cal relevance of these end-target chemoattractants during an inﬂamma-
tory process. One of the ﬁrst steps upon chemoattractant binding to the
G protein-coupled formyl peptide receptor (FPR) is the rise of cytosolic
Ca2+. This Ca2+mobilization is mediated by phospholipase Cβ2 (PLCβ2)
[30]. PLCβ2 hydrolyzes PIP2 into DAG and IP3. The latter induces the re-
lease of Ca2+ from intracellular stores leading to activation of cell mem-
brane Ca2+ channels (SOCE). In human neutrophils Orai1 has been
described to be the predominant SOCE channel that mediates fMLP-
induced Ca2+ entry [32]. ROCE is mainly induced byDAGwhich directly
activates cell membrane Ca2+ channels. The activation byDAG has been
shown for several TRPC channels like TRPC3, TRPC6 and TRPC7 [7]. A di-
rect contribution to a chemoattractant receptor-induced Ca2+ entry
could be shown for TRPC6 channels in CXCR2 signaling and for TRPM2
in chemotaxis towards fMLP [18,28]. However, so far it is not known
whether in addition to TRMP2 channels other Ca2+ permeable channels
are related to FPR signaling. In this studywe could show that TRPC1 con-
tributes to fMLP-induced rise of the [Ca2+]i, but apparently in a more
complex way than simply being a Ca2+ permeable channel itself.TRPC1 channels rather seem to regulate the activity of other elements
of the FPR signaling pathway. This is evidenced by theMn2+ quench ex-
periments, which revealed enhanced Ca2+ inﬂux after FPR activation in
the TRPC1−/− neutrophils. In contrast, the Ca2+mobilization in the ab-
sence of extracellular Ca2+was not altered in the TRPC1−/− neutrophils
indicating that fMLP-induced Ca2+ store depletion does not depend on
TRPC1 channels.
The question remains how TRPC1 channels modulate the fMLP-
induced rise of the [Ca2+]i. TRPC1 forms functional heterotetrameric
channel complexes with all members of the TRPC channel family [37].
In Gn11 neurons TRPC1 decreases the Ca2+ selectivity of TRPC
heteromers, while the loss of TRPC1 in theses heteromers enhances
their Ca2+ permeability [37]. This could be a possible explanation for
our observations that the loss of TRPC1 channels led to an increase of
fMLP-induced Ca2+ inﬂux. On the other hand, we cannot rule out that
altered expression of other TRP(C) channels accounts for the increased
rise of the [Ca2+]i in TRPC1−/− neutrophils. However, the expression
of TRPC3 and TRPC4 was only slightly enhanced in TRPC1−/− neutro-
phils. Another candidate, which is involved in the fMLP-induced Ca2+
signaling, is the ADPR-sensitive TRPM2 channel. fMLP-induced Ca2+ in-
ﬂux has been shown to be supported by TRPM2, which is activated by
the CD38 enzyme reaction and thus mediates neutrophil chemotaxis
[28]. However, to the best of our knowledge it is not yet known, wheth-
er TRPM2 channels are also regulated by TRPC1.
Interestingly, the enhanced Ca2+ signaling after FPR activation in the
TRPC1−/− neutrophils is associated with a steeper front to rear Ca2+
gradient. Although the [Ca2+]i at the front of the TRPC1−/− neutrophils
2129O. Lindemann et al. / Biochimica et Biophysica Acta 1853 (2015) 2122–2130was increased, the overall Ca2+ gradient of the TRPC1deﬁcient cellswas
steepened in comparison toWT cells. The global gradient of [Ca2+]i is at
least in part formed by the subcellular distribution of Ca2+ storing or-
ganelles [35]. The thin lamellipodium is virtually organelle-free [5] so
that Ca2+ release from intracellular Ca2+ stores occurs predominantly
in the cell body [33]. Along these lines, the steepened intracellular
Ca2+ gradient in TRPC1−/− cells might be a result of an increased ﬁlling
state of the Ca2+ stores. Ca2+ signaling during chemotaxis requires spa-
tiotemporal ﬁne-tuning. On the one hand this is based on the high buff-
ering capacity of Ca2+ binding proteins in the cytosol, and on the other
hand caused by a quick uptake of Ca2+ to the endoplasmatic reticulum
or Ca2+ export over the plasmamembrane [4]. In the TRPC1−/− neutro-
phils the increasedCa2+ inﬂuxafter FPRactivationmay lead to an increased
uptake of Ca2+ to the endoplasmatic reticulum or mitochondira which
then increase the leak efﬂux from the stores thereby causing a steepening
of the overall intracellular Ca2+ gradient. However, we are well aware
that this model still requires experimental veriﬁcation.
Brundage et al. linked the steepening of the intracellular Ca2+ gradi-
ent to turning of eosinophils,while the Ca2+ gradientwas ﬂattened dur-
ing periods of more directed migration [2,3]. Potentially, the migratory
and chemotactic defect in the TRPC1−/− neutrophils is based on the
steepened gradient of [Ca2+]i. Thus, possibly the permanently increased
Ca2+ concentration at the rear end of the migrating TRPC1−/− neutro-
phils is constantly signaling the cell to turn and reorient within the che-
motactic gradient. This reorientation could be mediated by enhanced
calpain activity which facilitates the retraction of the uropod.
In summary, Ca2+ is one of the big players in cell migration and che-
motaxis. In the last years, several members of the TRP channel family
have been shown to be involved in several steps of the migration ma-
chinery. This study identiﬁes TRPC1 to be involved in fMLP mediated
migration and chemotaxis of murine neutrophils. The loss of TRPC1 re-
duces neutrophilmigration, transmigration and chemotaxis,while fMLP
induced Ca2+ inﬂux is enhanced. The fMLP-mediated rise of the [Ca2+]i
is linked to a steepened front to rear Ca2+ gradient in the TRPC1 deﬁ-
cient neutrophils leading to a less directed migration. Hence, the
chemoattractant receptor triggered increase of [Ca2+]i must be tightly
regulated, since aberrations in concentration or time course of the ele-
vation of the [Ca2+]i lead to a loss of functionality of the migration ma-
chinery. The physiological relevance of our ﬁndings on the role of TRPC1
in chemotaxis is underlined by the allergen induced immune deﬁciency
of TRPC1−/− mice in which less neutrophils inﬁltrate the lungs [43].
Thus, TRPC1 could be an interesting target for immunotherapy in neu-
trophil based immune diseases like asthma [24].
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